Nitric oxide (NO) regulates platelet activation by cGMP-dependent mechanisms and by mechanisms that are not completely defined. Platelet activation includes exocytosis of platelet granules, releasing mediators that regulate interactions between platelets, leukocytes, and endothelial cells. Exocytosis is mediated in part by N-ethylmaleimide-sensitive factor (NSF), an ATPase that disassembles complexes of soluble NSF attachment protein receptors. We now demonstrate that NO inhibits exocytosis of dense granules, lysosomal granules, and ␣-granules from human platelets by Snitrosylation of NSF. Platelets lacking endothelial NO synthase show increased rolling on venules, increased thrombosis in arterioles, and increased exocytosis in vivo. Regulation of exocytosis is thus a mechanism by which NO regulates thrombosis.
N
itric oxide (NO) plays a major role in vascular homeostasis, regulating vascular tone, leukocyte trafficking, and platelet adhesion and aggregation (1) (2) (3) (4) . NO regulates thrombosis in part by inhibition of platelet adhesion and aggregation (2, 5, 6) . One well described pathway by which NO regulates platelet activation is mediated by guanylate cyclase (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . NO activates guanylate cyclase in platelets, leading to an increase in cGMP (25) (26) (27) . Targets of cGMP in platelets include cGMP-regulated phosphodiesterases (PDEs) PDE2 and PDE5, cGMP-dependent protein kinase type I␤, and perhaps cAMP-dependent protein kinases as well (28) . The cGMP pathway mediates many of the effects of NO on platelet activation, such as inhibition of platelet aggregation. Thus, cGMP is a major mediator of NO signal transduction in platelets.
NO also regulates platelets by cGMP-independent pathways. For example, certain NO donors inhibit platelet aggregation in a cGMP-independent manner (12, (29) (30) (31) . Furthermore, NO activates platelet ADP-ribosyltransferase in a cGMP-independent manner (32) . Finally, NO inhibits Ca 2ϩ mobilization in platelets independent of cGMP (33) . Thus, NO inhibits platelet activation by both cGMP-dependent and less well characterized cGMPindependent pathways.
Exocytosis of platelet granules is an important process by which platelets mediate thrombosis and vascular inflammation. The three types of platelet granules: dense granules, ␣-granules, and lysosomal granules, contain molecules that are released into the blood or are translocated to the platelet surface after exocytosis. Dense granules, the first to be released upon activation, contain small molecules such as serotonin, ATP and ADP, which are involved in platelet recruitment and activation. Contents of the ␣-granule include von Willebrand factor, P-selectin, and ␤-thromboglobulin, which promote platelet adherence, aggregation, and rolling on vessel walls. Lysosomal granules are the last to be released and contain degradative enzymes (34, 35) .
Platelet granule exocytosis is mediated by a set of proteins that regulate vesicle trafficking (35) (36) (37) (38) . Soluble N-ethylmaleimidesensitive factor (NSF) attachment receptors (SNAREs) determine the specificity of the fusion reaction between a granule and its target membrane. SNAREs, localized on vesicles (v-SNAREs) and on target membranes (t-SNAREs) interact with each other, forming stable SNARE complexes, and localize the vesicle to a particular target membrane, bringing the two membranes into apposition. The SNAREs expressed in platelets include syntaxin-2, syntaxin-4, soluble NSF-attachment protein (SNAP)-23, vesicle-associated membrane protein (VAMP)-3, and VAMP-8 (39, 40) .
NSF and its adapter protein, ␣-SNAP, are also necessary for platelet granule exocytosis (41, 42) . NSF interacts with SNARE complexes by means of ␣-SNAP, hydrolyzes ATP, and disassembles the SNARE complex (43, 44) . NSF was originally identified as a protein necessary for intracisternal Golgi transport whose activity was sensitive to N-ethylmaleimide (NEM) (45) . NEM alkylates cysteine residues, and cysteine residues are also a common site of posttranslational NO modification (46, 47) . Others have shown that NO regulates platelet granule release by unknown mechanisms (48, 49) . We recently showed that NO regulates vascular inflammation by controlling endothelial release of von Willebrand factor (50) . We now demonstrate that NO regulates platelet granule exocytosis by reversibly modifying NSF.
Materials and Methods
Platelet Collection, Purification, and Treatment. Normal healthy blood donors were recruited. Subjects were excluded if they had used aspirin or a nonsteroidal antiinflammatory agent 10 days before the blood draw. Blood was collected by venipuncture into sodium citrate anticoagulant tubes. Whole blood was centrifuged at 180 ϫ g for 15 min to isolate the top layer of platelet-rich plasma (PRP).
Diethylamine NONOate (DEA-NONOate) (Cayman Chemical) was used as a NO donor. DEA-NONOate was diluted in 0.01 M NaOH and incubated with PRP for 10 min. L-nitroarginine methyl ester (L-NAME) (Sigma) was used to inhibit endogenous platelet NOS. PRP was incubated with 1 mM L-NAME for 20 min. For studies using N-acetylcysteine (NAC) (Sigma), PRPs were first incubated with DEA-NONOate for 10 min, and then incubated with 1 mM NAC for 10 min. To inhibit platelet guanylate cyclase, 1-H- [1, 2, 4] Wild-type Vs. Endothelial NO Synthase (eNOS) Null Platelet Granule Exocytosis. Platelets were isolated from mice as described by others (50, 51) . Washed platelets were diluted 1:20 in Tyrode's buffer and incubated with control or thrombin (Sigma) for 15 min. FITClabeled anti-mouse P-selectin antibody (BD Pharmingen) was added and incubated for 20 min. Cells were fixed with 1% formalin and analyzed by FACS.
Assays of Exocytosis. Exocytosis was analyzed by FACS. PRP was diluted 1:20 in cation-free Tyrode's buffer. After incubation with the NO donor, 15 M of the platelet activator, thrombin receptor activating-peptide (TRAP)-6 (Bachem), or buffer was added, and the mixture was incubated for 15 min. PRP (200 l) was added to 10 l of a phycoerytherin-labeled antibody to CD62P (P-selectin), CD63 (GP53) (BD Transduction Laboratories), or an isotype control for 20 min. PRP was then fixed in 1% formalin. Surface P-selectin and GP53 translocation was measured by FACS analysis (FACSCalibur, Becton Dickinson).
Exocytosis was also analyzed by an ELISA. ␤-Thromboglobulin release into the supernatant was measured by using an ELISA (Diagnostica Stago, Parsippany, NJ).
Dense-granule exocytosis was quantified by measuring ATP release from activated platelets, using a Chrono-Lume (ChronoLog, Havertown, PA) luciferase-binding detection assay to measure luciferin-luciferase binding to ATP.
Permeabilization of Platelets. PRP was collected, pelleted at 500 ϫ g for 2.5 min, and suspended in buffer as described (41) . Briefly, 20 l of platelets were added to 60 l of buffer and 10 g͞ml saponin (Sigma) to permeabilize the platelets. Antibody (300 g͞ml) to IgG or to NSF (Santa Cruz Biotechnology) was added to the membrane permeable platelets and incubated for 20 min. Platelets were then activated by addition of 100 mM CaCl 2 .
NSF Interaction with Syntaxin-4 Assays. The interaction of NSF and syntaxin-4 was studied in vitro and ex vivo. In vitro interaction studies used recombinant His 6 -NSF, His 6 -␣-SNAP, and GST-syntaxin-4. Recombinant proteins were expressed in bacteria and purified. Recombinant NSF (0.5 g) was incubated with DEA-NONOate for 10 min and then added to equal amounts of ␣-SNAP and GSTsyntaxin-4. The incubation buffer was 4 mM Hepes͞0.1 M NaCl͞1 mM EDTA͞3.5 mM CaCl 2 ͞0.5% Nonidet P-40. Either 10 mM ATP or ATP-␥S with 20 mM MgCl 2 was added to some samples along with 50 l of binding buffer, and 20 l of 50% glutathioneSepharose beads. The mixture was incubated for 1 h at 4°C, washed in binding buffer, and boiled for 3 min with SDS sample buffer. Samples were fractionated on 4-15% precast gels (Bio-Rad) and immunoblotted.
Studies of S-Nitrosylated NSF. The nitrosylated cysteine immunoprecipitation studies examined endogenous NSF in wild-type mouse platelets. Platelets were isolated by using buffers and methods described (50, 51) and pooled from wild-type mice. Equal aliquots of platelets were incubated with control, 0, 10, 100, or 1,000 M DEA-NONOate or 1 M A23187 (Sigma), or 5 mM L-NAME for 10 min. Platelets were then pelleted by centrifugation at 3,000 ϫ g for 15 min, and lysed in NETN lysis buffer. The lysate was incubated with a monoclonal antibody to nitrosocysteine (AG Scientific) and protein G (Sigma) for 4 h. Samples were washed, SDS sample buffer was added, boiled for 3 min, and fractionated on a 4-15% gel (Bio-Rad). Samples were immunoblotted with monoclonal antibody to NSF (BD Transduction Laboratories).
NSF Addition to Permeabilized Platelets. Platelets were permeabilized as described above, incubated with 1 mM DEA-NONOate or control. Platelets were then incubated with control, 1.5 g of recombinant NSF, or NSF incubated with 1 mM DEA-NONOate. Platelets were stimulated or not stimulated with 5 M TRAP and 25 M Ca 2ϩ , and exocytosis was measured by FACS for surface expression of P-selectin.
Platelet Granule Exocytosis in Shed Blood. The distal 3 mm of the tail of anesthetized wild-type and eNOS null mice were amputated and immersed into Tyrode's buffer with 30 units͞ml heparin. Blood shed from the amputated tail was collected for 30 sec, and antibody to P-selectin was added for 20 min. Samples were fixed with 1% formalin and analyzed by FACS for surface P-selectin expression.
Intravital Microscopy. Intravital microscopy was performed as described by others (50, 51) . Platelets were isolated and purified from wild-type or eNOS Ϫ/Ϫ mice (The Jackson Laboratory) and incubated for 20 min with 1 M calcein-AM (Molecular Probes). Wild-type mice were anesthetized with ketamine (80 mg͞kg) and xylazine (13 mg͞kg) and then injected intravenously with 5 ϫ 10 7 platelets for the rolling study or 1 ϫ 10 8 platelets for the thrombosis study. Mesentery was exteriorized, venules (120-150 m in diameter) or arterioles (60-80 m in diameter) were selected, and the mouse mesentery was prepared on an inverted fluorescent microscope (Nikon). Endothelial damage was induced by the addition of 250 M FeCl 3 to venules or 500 M FeCl 3 to arterioles, and images of platelet rolling or thrombus formation were captured with a digital camera (Retiga). Platelet rolling was determined by counting the number of platelets that remained transiently within a frame for the 30-ms collection time. Time to formation of the first thrombus Ͼ10 m in diameter was recorded.
Results

NO Inhibition of Platelet Granule Exocytosis.
To explore the effects of NO on platelet granule exocytosis, we harvested human platelets, added exogenous NO or control, and then activated platelets with TRAP. Platelet exocytosis of ␣-granules was measured by FACS analysis of surface translocation of P-selectin. The NO donor DEA-NONOate inhibits TRAP activation of platelet ␣-granule exocytosis in a dose-dependent manner (Fig. 1A) . As little as 10 nM NO inhibits 50% of ␣-granule exocytosis.
We next studied the effect of endogenously produced NO on platelet granule exocytosis. We incubated human platelets with the NOS inhibitor L-NAME, activated the platelets, and measured P-selectin as before. L-NAME inhibition of NOS increases granule exocytosis, suggesting that endogenous NO decreases exocytosis (Fig. 1B) . We then studied murine platelets from mice lacking eNOS. We incubated murine platelets from wild-type and eNOS Ϫ/Ϫ mice with increasing amounts of thrombin and measured the translocation of P-selectin. At low doses of thrombin endogenous NO inhibits granule exocytosis (Fig. 1C) .
We also examined the effect of exogenous NO on exocytosis of dense granules and lysosomal granules in human platelets. NO decreases exocytosis of dense granules (Fig. 1D ) and lysosomal granules (Fig. 1E) . These data show that exogenous and endogenous NO inhibits exocytosis of all three types of platelet granules.
NO Inhibition Is Independent of cGMP. Previous studies demonstrate that NO inhibits platelet aggregation in a guanylate cyclasedependent manner. To examine the role of cGMP in mediating NO inhibition of platelet granule exocytosis, we pretreated human platelets with buffer or 0, 0.1, 1.0, or 10 M ODQ, an inhibitor of guanylate cyclase. We then treated the platelets with 10 M DEA-NONOate. Finally, we stimulated platelets with control or TRAP and measured P-selectin surface translocation. ODQ does not block NO inhibition of exocytosis ( Fig. 2A) . These results suggest that NO inhibits granule exocytosis through a mechanism independent of guanylate cyclase.
To explore the role of S-nitrosylation in mediating NO inhibition of platelet granule exocytosis, we pretreated human platelets with control or DEA-NONOate for 10 min and then treated platelets with the denitrosylating agent NAC for 10 min. Finally, we stimu-lated platelets with control or TRAP and measured P-selectin surface translocation. NAC reverses the ability of NO to inhibit granule exocytosis (Fig. 2B) . These results support the hypothesis that NO inhibits platelet granule exocytosis in part through Snitrosylation of unknown proteins.
NSF Regulates Platelet Granule Exocytosis. NSF has been shown to regulate intracellular trafficking and exocytosis. To examine whether NSF is a target of NO, we first confirmed that platelets contain NSF (Fig. 3A) . Platelets also contain syntaxin-4, a SNARE family member that interacts with NSF and regulates exocytosis of granules in a variety of cell types (Fig. 3A) .
We next verified that NSF regulates granule exocytosis in platelets. We permeabilized human platelets with saponin, added antibody to NSF to inhibit it, activated the platelets with Ca 2ϩ , and measured ␣-granule exocytosis by using an ELISA for ␤-thromboglobulin. Antibody to NSF decreases granule exocytosis (Fig. 3B) . Thus, human platelets contain NSF, and NSF regulates ␣-granule exocytosis.
NO Inhibits NSF.
We next demonstrated that NSF within platelets can be nitrosylated. Platelets from wild-type mice were isolated and incubated with 0, 10, 100, or 1,000 M DEA-NONOate or control, lysates were immunoprecipitated with antibody to nitrosocysteine, and fractions were immunoblotted with antibody to NSF. Exogenous NO donors nitrosylate NSF ex vivo (Fig. 4A) . To demonstrate that endogenous NO can nitrosylate NSF, we treated platelets with the Ca 2ϩ ionophore A23187 with the NOS inhibitor L-NAME, followed by immunoprecipitation with antibody to nitrosocysteine residues and immunoblotting for NSF as above. A23187 increases S-nitrosylation of NSF, a phenomenon inhibited by L-NAME (Fig. 4B) . Thus, exogenous and endogenous NO can S-nitrosylate NSF.
NSF regulates exocytosis in part by interacting with and disassembling SNARE complexes. To explore the effect of NO on the interaction of NSF and SNARE molecules, we prepared recombinant His 6 -NSF, His 6 -␣-SNAP, GST-syntaxin-4, GST-VAMP-3, and GST-SNAP-23. We pretreated NSF with DEA-NONOate, and then added ␣-SNAP, syntaxin-4, VAMP-3, and SNAP-23. The mixture was incubated for 1 h, precipitated with glutathioneSepharose beads, and precipitants were immunoblotted with antibody to NSF. ATP-␥S increases the interaction between NSF and syntaxin-4, as expected (Fig. 4C) . ATP enables NSF to separate from syntaxin-4, also as expected (Fig. 4C) . However, NO blocks the ability of NSF to separate from syntaxin-4, even in the presence of ATP (Fig. 4C) . Finally, DTT restores the ability of NSF to disassemble the SNARE complex (Fig. 4C) . These data suggest that NO reversibly blocks the ability of NSF to disassemble a SNARE complex.
To demonstrate that NSF is a target of NO in platelets, we permeabilized platelets as above, pretreated the platelets with NO donors, and then added either recombinant NSF or S-nitrosylated NSF to the platelets. The platelets were activated with TRAP and Ca 2ϩ , and exocytosis was measured by FACS analysis of P-selectin expression. NO inhibits ␣-granule exocytosis as expected (Fig. 4D) . Adding NSF to the platelets restores exocytosis (Fig. 4D) . However, S-nitrosylated NSF is incapable of reversing the effects of NO. These data demonstrate that NSF is a target of NO in platelets.
NO Regulates Platelet Function in Vivo.
We explored the effect of endogenous NO in regulating platelet activation in vivo, using digital imaging of intravital microscopy. Platelets were isolated from eNOS Ϫ/Ϫ or wild-type mice, fluorescently labeled, and injected intravenously into wild-type mice. Mesenteric venules were damaged with ferric chloride (FeCl 3 ) , and the number of rolling platelets was counted over time. Platelets from mice deficient in eNOS demonstrate increased rolling compared with platelets from wild-type mice (Fig. 5 A and B) .
We also examined the role of endogenous NO in regulating platelet thrombosis in vivo. Fluorescently labeled eNOS Ϫ/Ϫ and wild-type platelets were injected into wild-type mice, and thrombosis in arterioles was induced by superfusion of FeCl 3 . Arterioles were imaged and the time to the formation of stable thrombi of Ͼ10 m was recorded. Platelets deficient in eNOS exhibit a more rapid formation of thrombi compared with platelets from wild-type mice (Fig. 5 C and D) .
Finally, we measured the effect of endogenous NO on platelet exocytosis in vivo. Platelets were collected from wild-type and eNOS Ϫ/Ϫ mice during trail bleeding and analyzed for surface expression of P-selectin by FACS. The presence of eNOS is associated with a decrease in platelet exocytosis (Fig. 5E ).
These murine data show that NO regulates platelet rolling and thrombosis in vivo, and that NO regulates platelet exocytosis in vivo. Taken together, our data suggest that one mechanism by which NO regulates platelet function is by inhibition of platelet exocytosis.
Discussion
The major finding of our study is that NO inhibits platelet granule exocytosis by S-nitrosylating NSF and inhibiting the ability of NSF to disassemble the SNARE complex. Others have shown that NSF regulates the disassembly of the SNARE complex, a step necessary for exocytosis in a wide variety of biological systems (36, 42, 52) . Reed and coworkers (39, 41) and Whiteheart and coworkers (53) have shown that NSF and SNARE molecules regulate platelet exocytosis. Our data show that NO covalently modifies NSF in platelets, thereby blocking exocytosis.
Extensive previous work of others has emphasized that NO inhibits platelet activation by cGMP-dependent mechanisms (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . The NO signaling pathways involving cGMP regulate platelet aggregation, a process that is mediated in part by gpIIb͞IIIa conformational changes. We have identified an additional NO signaling pathway that regulates platelet exocytosis by a cGMPindependent process, S-nitrosylation of NSF. Taken together, these studies suggest that NO regulates platelets by at least two distinct pathways. mice were anesthetized and injected with calcein-AM-labeled platelets from wild-type or eNOS Ϫ/Ϫ mice. The mesentery was externalized, and venules 120 -150 m in diameter were treated with 250 mM FeCl3. Platelet rolling on venules was imaged with a digital fluorescent camera 0, 1, 6, and 10 min after FeCl 3 treatment. (Representative images from n ϭ 7-8.) (C) Thrombosis. Mice were injected with labeled platelets as above. The mesentery was externalized, and arterioles 50 -80 m in diameter were treated with 500 mM FeCl3. The time to formation of the first thrombus Ͼ10 m in size was recorded (n ϭ 5 Ϯ SD). (D) Digital fluorescent images of thrombosis. Wild-type and eNOS Ϫ/Ϫ mice were injected with labeled wild-type platelets, arterioles were treated with FeCl 3 as above, and a digital fluorescent camera was used to visualize formation of the first thrombus Ͼ10 m in size. (E) Exocytosis in shed platelets. The distal 3 mm of wild-type and eNOS Ϫ/Ϫ mice tails were amputated, and shed blood was collected. Platelets were analyzed for surface P-selectin expression by FACS. Shed platelets from eNOS Ϫ/Ϫ have increased exocytosis as measured by P-selectin expression compared with WT mice. (n ϭ 3 Ϯ SD, * , P Ͻ 0.002 for WT vs. eNOS Ϫ/Ϫ .)
